Aims: Administration of estradiol or compounds with estrogenic activity to newborn female rats results in irreversible masculinization as well as defeminization in the brain and the animals exhibit altered reproductive behavior as adults. The cellular and molecular mechanism involved in inducing the irreversible changes is largely unknown. In the present study, we have monitored the changes in the expression of selected synaptogenesis related genes in the sexually dimorphic brain regions such as POA, hypothalamus and pituitary following 17β-estradiol administration to neonatal female rats. Main methods: Female Wistar rats which were administered 17β-estradiol on day 2 and 3 after birth were sacrificed 120 days later and the expression levels of genes implicated in synaptogenesis were monitored by semi-quantitative reverse transcription PCR. Since estradiol induced up-regulation of COX-2 in POA is a marker for estradiol induced masculinization as well as defeminization, in the present study only animals in which the increase in expression of COX-2 gene was observed in POA were included in the study. Key findings: Down-regulation of genes such as NMDA-2B, NETRIN-1, BDNF, MT-5 MMP and TNF-α was observed in the pre-optic area of neonatally E2 treated female rat brain but not in hypothalamus and pituitary compared to the vehicle-treated controls as assessed by RT-PCR and Western blot analysis. Significance: Our results suggest a possibility that down-regulation of genes associated with synaptogenesis in POA, may be resulting in disruption of the cyclical regulation of hormone secretion by pituitary the consequence of which could be infertility and altered reproductive behavior.
Introduction
Exposure to gonadal hormones during the neonatal "critical period" has a long-lasting impact on brain morphology and adult sexual behavior, more so, in terms of reproductive memory [3] one aspect of which is cyclical production of hormones during estrus cycle in rodents or during menstrual cycle in the case of human female. Most of the brain regions have both the aromatase cytochrome P450, which aromatizes testosterone into estradiol [21] and high levels of estrogen receptors. The most important of all the sexually dimorphic regions of the brain is the SDN-POA (Sexually Dimorphic Nucleus of the Pre-Optic Area), the role of which has been well-established in reproductive physiology and behavior. High incidence of apoptosis was observed in the SDN-POA of female rats of PND 7-10 but not in male rats [8] . This sex difference is, in part, responsible for the masculinization of the neonatal brain. Female rats administered gonadal steroid hormones neonatally, have been documented to be infertile and lacking in sexual receptivity in the adulthood [4] . Exposure of newborn female rat to 17-β estradiol masculinizes the POA and sexual behavior and estradiol-induced masculinization has been known to be brought about by the actions of the prostaglandin E2 (PGE2) in the POA [2] . The mRNA and protein levels of COX-2 (Cyclooxygenase 2), one of the important enzymes in the production of PGE2, are higher in the POA of newborn males than in females and administration of estradiol to new born female rats results in an increase in COX-2 level to that observed in males. This induces a two to three fold increase in dendritic spines (i.e. the male pattern) in the POA, and results in the expression of male sexual behavior during adulthood [33] .
Estrogen given neo-natally can stimulate diverse biochemical processes and these may have an effect on the organization of synaptic connections in the brain regions that are involved in sex behavior in the adulthood. Since the process of synaptogenesis involves a coordinated expression of a number of factors especially in the neonatal brain, the expression patterns of some of the genes such as BDNF (Brain-derived neurotrophic factor), tumor necrosis factor alpha (TNFα), Netrin-1, Membrane type 5-matrix metalloproteinase (MT5-MMP) and NMethyl-D-aspartate (NMDA) receptor 2B which are important in controlling synapse formation, synaptic transmission, synaptic plasticity and memory function [9, 16, 38] were monitored. Many of these genes have a bearing on various functions ranging from cyclical secretion of hormones, induction of ovulation, learning, and memory. In view of this, changes in the expression pattern of some of the genes in the POA, hypothalamus and pituitary were examined in female rats which were administered 17β-estradiol during neonatal period.
Materials and methods

Animals and Treatment
Pups born to timed pregnant Wistar rats were housed at the Central Animal Facility, Indian Institute of Science, India, under light: dark (12/12 h) cycle at 24°C and 50% average relative humidity. Animals were maintained in accordance with the guidelines issued by Institutional Animal Ethics Committee (IAEC), Indian Institute of Science and the procedures employed in the study have been approved by the IAEC (CAF/Ethics/164/2009). New born female rats were administered 100 μg/day of 17β-estradiol (Sigma, St. Louis, MO, USA) by subcutaneous route on day 2 and 3 after birth and control littermates were administered sesame oil. E2 was first dissolved in 100% ethanol and then diluted with sesame oil in the ratio of 1:10. The vehicle used was 10% ethanol and 90% oil. The volume of injection was 0.05 ml (100 μg of E2) which was administered slowly enough to minimize leakage and the pups were not returned to the mother until the injection site had sealed enough to be leak free (about 15 min post-injection). The rats were allowed to grow normally and were sacrificed around 120 days during metestrus period by excess CO 2 using euthanasia chamber and different regions such as POA, hypothalamus and pituitary of the brain were dissected and stored at −80°C. In our study the control and neonatally estradiol exposed rats were sacrificed after 120 days during metestrus period, as all E2 treated animals did not exhibit estrus cycle and are arrested at metestrus stage and our preliminary studies of monitoring changes in expression of genes on day 18, 30 and 60 did not reveal any significant changes in POA.
Histology
In this study, we used Nissl staining to examine the histology of preoptic area by light microscopy. Whole rat brain tissues from control and neonatally estradiol treated female rats (on postnatal day 120) were fixed in 4% paraformaldehyde and 30-μm serial, coronal sections were cut by using vibratome (Leica, Wetzlar, Germany) and mounted directly on gelatine coated slides. After air drying the sections the slides were placed in 1:1 alcohol/chloroform overnight and then rehydrated through 100% and 95% alcohol to distilled water and then stained with Cresyl Violet acetate -Nissl stain (Sigma) to visualize anatomical structures. The stained slides were washed in distilled water and dehydrated in ascending percent alcohol, soaked in 100% xylene for 24 h, and coverslipped with DPX mountant (SRL Chemicals, Mumbai, India). Densitometry of Nissl stained signals (Neuronal density counts) was performed using ImageJ (National Institutes of Health, Bethesda, MD).
Semi-quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA from the different regions of the brain was extracted using TRI reagent (Sigma) according to manufacturer's instructions. The integrity of the RNA was checked on 1% MOPS-HCHO agarose gel and the quantity of RNA was estimated spectrophotometrically. Reverse transcription of 1 μg of RNA was carried out at 42°C with 200 units of MuMLV-reverse transcriptase and 1.5 μM random hexamer primers (Thermo Scientific, MA, USA). A simultaneous control without reverse transcriptase was included to verify the absence of non-specific amplification. 1 μl of the cDNA was employed for PCR amplification of different genes using highly specific forward and reverse primers ( Table 1) . Initially, the annealing temperature and number of cycles were optimized and PCR was performed within the linear range of amplification to facilitate quantitation. cDNA amplifications were achieved using an initial heating at 94°C for 3 min, followed by 30 cycles of 94°C for 1 min, annealing temperature of 60°C for 1 min and final extension at a temperature of 72°C for 10 min, on a PCR Thermal Cycler (MJ Research Inc., Watertown, USA). Gel electrophoresis was carried out by taking 30 μl of the PCR product on a 1.5% agarose gel containing 0.5 μg/ml of Ethidium bromide, in 1 × TBE buffer containing 45 mM Tris-borate and 0.5 mM EDTA. The difference in the intensities of the products following electrophoresis was analyzed using Kodak Electrophoresis and Gel Documentation Analysis System (EDAS-120). The expression levels of specific transcripts were inferred upon normalizing their signal intensities to that of glyceraldehyde 3-phosphate-dehydrogenase (GAPDH), which served as an internal control in this semi-quantitative analysis.
Western blot analysis
Protein lysates were prepared from control and E2 treated brain samples using RIPA buffer containing 50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X 100 and protease inhibitor cocktail (Roche Diagnostics Ltd., Mannheim, Germany). Homogenization was carried out using a hand-held teflon-glass homogenizer. The homogenate was centrifuged at 5000 rpm at 4°C for 10 min and the total protein in the supernatant was estimated spectrophotometrically by Lowry's method [17] . From each group, 40 μg of protein was electrophoresed on 10% sodium dodecyl sulfate polyacrylamide gel and Western blotting was carried out as described [11] . The primary antibodies used were anti-ER-alpha (Cell Signaling Technology, Denver, MA, USA, Cat No. # 8644, dilution-1:500; MW 66 kDa), anti-ER-beta (Abnova, # H00002100-M01, dilution-1:500, MW 37 kDa), anti-COX-2 (Cell Signaling Technology, Cat No. #12,282, dilution-1:500, MW 74 kDa), anti-bdnf (Sigma), anti-FAK (Cell Signaling Technology, Cat No. #3285, dilution-1:500, MW 125 kDa), anti-TNF-alpha (17 kDa) (a kind gift from Prof. Anjali Karande, Indian Institute of Science, Bangalore), and anti-GAPDH (Cell Signaling Technology, #2118, dilution-1:2000, MW 37 kDa). Goat anti-rabbit (GE Healthcare, Buckinghamshire, UK -Cat No. #NA934) and anti-mouse (GE Healthcare, UK -Cat No. NA931) were used as secondary antibodies at the dilution of 1:5000. Signal intensities of various bands were determined by using the Kodak Electrophoresis and Gel Documentation Analysis System (EDAS-120). The expression levels of the protein products of interest were inferred upon normalizing their signal intensities to that of GAPDH. Values so obtained were used to determine mean ± SEM for a graphical representation.
Statistical analysis
Data in each experiment are presented as mean ± SEM (n = 5 per group). Differences between groups were analyzed by two-tailed Student's t test and p values b 0.05 were considered statistically significant.
Results
Validation of the model system
To ascertain that the female rats have responded to the administration of 17β-estradiol, the expression level of COX-2 in preoptic area, hypothalamus and pituitary from control and E2 treated animals was monitored. The up-regulation of COX-2 in POA region in the E2 treated animals was considered as a positive response to the E2 treatment [2] . Only those animals in which a significant increase in COX-2 expression was observed following E2 administration were used for further studies which consisted of isolating RNA and protein. It is evident from results presented in Fig. 1A &B that following neonatal administration of E2, there was a significant increase in the expression of mRNA as well as protein levels of COX-2 in POA of neonatally E2 treated animals compared to the controls. It can also be seen from the results presented in Fig. 1C , Nissl staining of SDN-POA showed significant increase in neuronal cell density in E2 treated group thus validating the model as E2 treatment prevents apoptosis normally seen in the female rats post-natally.
Expression pattern of selected genes involved in brain sex differentiation
The level of expression of ER-α, ER-β, FAK, Paxillin and Granulin in POA, hypothalamus and pituitary of control and E2 treated female rats assessed by semi-quantitative RT-PCR are presented in (Fig. 2, top  panel) . It was observed that the expression level of ER-α decreased significantly in the POA and hypothalamus. There was a significant decrease in level of expression of ER-β in the hypothalamus and also in the pituitary. FAK expression was significantly decreased in all three regions of the brain (POA, hypothalamus and pituitary). The expression of ER-α, ER-β, and FAK was further confirmed by Western blot analysis (Fig. 2, bottom panel) . There was no significant difference in the expression levels of Paxillin in all three regions observed. However, a significant up-regulation of Granulin was seen in the POA, but not in hypothalamus or pituitary.
Expression pattern of selected genes involved in synaptogenesis
Synaptogenesis is one of the key processes by which sex differences are established in the brain. Out of the 3 regions investigated, following E2 treatment, a significant down-regulation of genes known to be involved in synaptogenesis was observed only in POA (Fig. 3) suggesting that POA is an important region for regulation of brain sex differentiation. As can be seen from results represented in Fig. 3 (top panel) , there is a significant decrease in the expression of mRNA of genes known to regulate synaptogenesis such as NMDA2B, Netrin-1, MT5-MMP, BDNF and TNF-α in the POA region. The decrease in BDNF and TNF-α was further confirmed by Western blot analysis (Fig. 3, bottom  panel) . It is also interesting to note that there is no significant change in the expression pattern of these genes either in the hypothalamus or in the pituitary region.
Discussion
Experimental studies on animals demonstrated that the exposure of compounds with estrogenic activity to newborn female animals during critical window period results in irreversible alterations in female gonadal function and sexual behavior in the adulthood and the brain sex of a female are converted to that of a male type [20, 29, 37] . In the present study, our observation clearly establishes that neonatal exposure of female rats to high levels of estradiol results in changes in the expression of some of the key genes in POA, hypothalamus, and pituitary which are summarized in Table 2 , as assessed both by RTPCR and Western blot analysis. It needs to be emphasized that some of the conclusions drawn on the significance of changes seen in the level of expression of some of the transcripts are based entirely on semi-quantitative RT-PCR and Western blot analysis (both of which highly reproducible) of some of the products of genes analyzed. Although validation of the changes in the expression by real-time PCR analysis as well as Western blot analysis for all the transcripts will provide additional support to the conclusions drawn in the present study it could not be carried out due to the lack of access to the highly specific antibodies. In spite of the limitation mentioned above, it is possible to suggest based on the results obtained that these changes perhaps are responsible for irreversible changes seen in lack of cyclical production of hormones following neonatal administration of 17β-estradiol which ultimately manifests in masculinization or defeminization in the female rat brain. It needs to be emphasized that tissue samples were collected and used in this study only from animals in which there was a significant increase in COX-2 in POA, a parameter considered for the efficacy of estrogen action. It is known that the area occupied by SDN in the POA is equal in both male and female initially, and post-natally there is a drastic decrease in SDN by the process of apoptosis of the neurons in the females and this is prevented by estradiol administration [20] . As can be seen from the current results that there is an increase in the neurons in the SDN-POA of E2 treated female rats compared to POA of intact female rats. This observation of increase in SDN-POA volume confirms evidence for masculinization and defeminization in female rats and this finding is Supplementary Fig. 1 
. (Bottom panel) Western blot analysis for ER-α, ER-β and FAK in POA (A), hypothalamus (B) and pituitary (C).
A total of 40 μg of protein each from control and estradiol treated POA, hypothalamus, and pituitary was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subjected to Western blotting as mentioned in materials and methods section. Data from 5 animals per group was expressed as arbitrary densitometric units (mean ± SEM, *p b 0.05 compared with control). Representative gel image of immunoblot is given in Supplementary Fig. 2. consistent with observations by others [10, 28] . Estrogen sensitivity is critical for maternal behavior and its action is predominantly mediated by the two nuclear estrogen receptor subtypes (ER-α and ER-β) and they are expressed in a sex-specific manner [25, 28] . ER-α has been shown to be involved in female maternal care and regulating anxiety and fear [13, 31] . In the present study, we observed down-regulation of ER-α in POA of estradiol administered female rat which indicates that E2 induces important irreversible changes in terms of compromised feminine behavior as well as maternal care and also establishes defeminization during the adult stage. ER-β is important in inducing LH surge by estrogen, typical of female estrous cycle and downregulation of ER-β has been implicated in estrogen induced masculinization of rat hypothalamus [26, 27] . Our observation in the current study suggests that the down-regulation of ER-β in the hypothalamus, the main region of the brain known to be involved in initiating cyclicity, which involves initiation of secretion of the needed hormones at selected intervals by the pituitary, suggests impairment of the ovulatory process in the E2 treated rats, thereby rendering them infertile. Focal adhesion kinase and Paxillin are important regulators of neurite growth by controlling interaction with the extra cellular matrix via integrins RNA isolated from POA of control and neonatally estradiol treated female rats was reverse transcribed to cDNA and subjected to RT-PCR analysis with GAPDH as an internal control. Data from 5 animals per group was expressed as arbitrary densitometric units (mean ± SEM, *p b 0.05 compared with control). Representative gel image of mRNA expression is given in Supplementary Fig. 1 . (Bottom panel) Western blot analysis for BDNF and TNF-α in POA. A total of 40 μg of protein each from control and estradiol treated POA was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and subjected to Western blotting as mentioned in the Materials and methods section. Data from 5 animals per group was expressed as arbitrary densitometric units (mean ± SEM, *p b 0.05 compared with control). Representative gel image of immunoblot is given in Supplementary Fig. 2 .
Table 2
Summary of results obtained.
Brain regions Preoptic area Hypothalamus Pituitary
Neuronal density
↑ = increase; ↓ = decrease; N/M = not measured; ↔ = no significant change in mRNA level. [19] . FAK is generally high in the hypothalamus of neonatal female [35] , and the decrease following estrogen treatment as is evident from the present results indicated that neonatal estradiol establishes irreversible masculinization and defeminization of the female rat brain. Granulin, a cytotropic factor was found to be increased in hypothalamus of male rats after neonatal estradiol treatment [36] but the significance of its increase in expression in POA in our study currently is not known. Although estradiol has been shown to masculinize and defeminize the female rat brain, as adults, there was no conclusive evidence available to suggest that it is due to the changes in expression of genes known to be involved in brain sex differentiation and synaptogenesis following neonatal exposure to estradiol. The results of the present study indicate that neonatal estradiol exposure significantly downregulates synaptogenesis related genes such as NMDAR 2B, NETRIN-1, BDNF, MT5-MMP and TNF-α in female rat POA compared to control rats as seen during adulthood. One of the differentially expressed gene, namely, NMDA2B is a subunit of NMDA receptor and NMDA receptors are known to have an important role in learning and memory, as well as the formation of excitatory synapses and the synaptic transmission [1] . The other down-regulated genes, Netrin-1 is a novel regulator of synaptogenesis and synaptic function [30, 34] , MT5-MMP an enzyme known to have a function in synapse remodeling [22] and Tumor necrosis factor-α (TNF-α) [24, 30] , have been identified as neurotrophic factors which regulate synaptogenesis, synaptic transmission, and plasticity. Similarly the expression of BDNF which decreased in POA in the present study has also been shown to induce growth, differentiation and survival of neurons and synapses during brain development [5, 15] , as well as in adulthood [7, 18] . Considering the fact that a significant down-regulation of several important genes involved in sex differentiation and synaptogenesis genes is seen only in the POA and not in any of the other regions analyzed suggests, that POA is the most important region in controlling the reproductive behavior. It is pertinent to suggest that there appears to be a link between neurotropic system and estrogen and the region specific mechanism of estradiol action. This is precisely coordinated to achieve the specific goal of sexual differentiation of the female brain and also the concurrent process of masculinization and defeminization in the adult female rats.
Considering estradiol induced androgenization of female rat brain and changes in synaptogenesis related genes in the present study, an important question that still remains to be answered is whether prenatal steroid masculinize the human brain. In non-human primate, it has been speculated that the sex differentiation of the brain is influenced by androgen when female monkeys exposed to androgens early in development are masculinized with respect to sexual behavior, rough play, grooming and some learning abilities [6] . Although there are no definitive evidences for involvement of estrogen in human sexual brain differentiation, there are some from the "naturally occurring experiments". In the case of congenital adrenal hyperplasia (CAH), in which female fetus is exposed to elevated androgen levels, it is believed that there is some degree of masculinization of the brain consequent to fetal exposure to androgens [12] . Studies in the rat SDN-POA inspired the examination of human POA where a nucleus was found that was smaller in women than in men and smaller in gay men than in straight men [14, 23] . A similar difference was seen in sheep, POA is smaller in male sheep than prefer to mount other rams than in males that prefer to mount ewes [32] . These observations do suggest that the brain is important for determining sexual orientation and thus this study is relevant to human situation. The animal data tend to substantiate effects of early exposure to estrogen on hypothalamo-pituitary-gonadal (HPG) axis with alterations of sexual maturation and reproductive functions in female rodents. It has always been controversial to extrapolate from data that are obtained in laboratory animals in which the dose and time of chemical exposure do not always represent conditions that humans face in their habitat during a life time. However, we cannot ignore the increasing evidence coming from these studies when human populations are exposed to the same chemicals during developmental stages.
Conclusion
Exposure of neonatal female rats to high levels of estrogen or compounds with estrogenic activity results in masculinisation and disturbance in female sexual receptive behavior in the later life. The results of our study show a significant down-regulation of genes associated with synaptogenesis in POA, the consequence of which might be decreased learning and memory because of synaptic structural alteration, ultimately leading to loss of reproductive memory and thereby decreased or diminished female sexual behavior observed in accidental exposure to high levels of estradiol during critical period.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.lfs.2015.09.013.
